Six millimeter thick extruded ZK60 magnesium alloy plate was subjected to friction stir processing (FSP) at 400 rpm and 100 mm/min, producing fine and uniform recrystallized grains with predominant high-angle grain boundaries of 73%. Maximum elongation of 1800% was achieved at a relatively high temperature of 325 C and strain rate of 1 Â 10 À3 s À1 . Grain boundary sliding was identified to be the primary deformation mechanism in the FSP ZK60 alloy by superplastic data analyses and surface morphology observation. The superplastic deformation kinetics of the FSP ZK60 alloy was faster than that of the high-ratio differential speed rolled ZK60 alloy.
Introduction
ZK60 alloy is one of commercial magnesium alloys that exhibit sound mechanical properties. A number of investigations have identified that the excellent superplasticity in the ZK60 alloy could be obtained by the severe plastic deformation methods, such as equal channel angular pressing (ECAP), high ratio differential speed rolling (HRDSR) and isothermal rolling. [1] [2] [3] [4] [5] [6] Figueiredo and Langdon 1) reported an extraordinarily large elongation of 3050% in ECAP ZK60 alloy at 200 C and a strain rate of 1 Â 10 À4 s À1 . Moreover, Lapovok et al. 2) achieved a large elongation of 2040% in ECAP ZK60 alloy at 220 C and a strain rate of 3 Â 10 À4 s À1 . Galiyev and Kaibyshev 3) reported that isothermal rolled ZK60 alloy exhibited a maximum elongation of 1330% at 250 C and 1:4 Â 10 À4 s À1 . The superplasticity of ECAP and isothermal rolled ZK60 alloy was usually obtained at a relatively low temperature and strain rate. This should be due to the poor thermal stability of the as-processed ZK60 alloy, where a number of low angle non-equilibrium grain boundaries were usually observed. 4) Generally speaking, improving the thermal stability of ZK60 alloy can increase the strain rate of superplastic deformation. Kim et al. 5, 6) reported that the HRDSR ZK60 alloy exhibited a maximum elongation of 926% at relatively high temperature of 280 C and a high strain rate of 1 Â 10 À2 s À1 . In the HRDSR ZK60 alloy, an excellent thermal stability was achieved due to the enhanced fraction of high angle grain boundaries (HAGBs). 6) Friction stir processing (FSP) has been developed as a solid-state processing technique, based on the concept of friction stir welding (FSW). 7) FSP resulted in the generation of a fine-grained structure with high fraction HAGBs in the stir zone (SZ) due to the dynamic recrystallization process. As a thermo-mechanical processing method, FSP has some special advantages for commercial applications of superplasticity: (a) FSP is a simple one-pass processing method; (b) Unrequired preheating avoids surface oxidation of a sample and saves energy; (c) FSP leads the SZ to a fine grain structure with high fraction HAGBs, which is favorable for superplastic deformation dominated by grain boundary sliding (GBS).
At the present time, the investigation on the FSP aluminum alloy was widely reported, and the high strain rate superplasticity could be easily achieved in FSP fine-grained aluminum alloy due to the high fraction HAGBs. 7) However, the studies on the superplastic deformation of FSP magnesium alloys are relatively limited. [8] [9] [10] [11] Some of the authors 8, 9) reported that the superplastic deformation kinetics of FSP Mg-Zn-Y-Zr alloys were significantly faster than that of ECAP AZ91 alloy, and a maximum elongation of 1110% was achieved at 450 C and a high strain rate of 1 Â 10 À2 s À1 with predominant HAGBs of 91%. Furthermore, Cavaliere and De Marco 10, 11) also reported that good superplasticity was achieved in FSP AZ91 and AM60 alloys with the optimum strain rates in the range of 10 À4 to 10 À3 s À1 . To the best of our knowledge, no study on superplastic behavior of FSP ZK60 alloy has been reported so far. So it is very interesting to demonstrate whether excellent superplasticity can be obtained in fine-grained ZK60 alloy via FSP. In the present work, we produced fine-grained ZK60 alloy via FSP and investigated the superplastic deformation behavior at different temperature and strain rates. Besides, the superplastic deformation mechanism was also analyzed in detail.
Experimental Procedure
6 mm thick ZK60 (Mg-6.0Zn-0.6Zr, mass%) extruded plate was subjected to FSP at a rotation rate of 400 rpm and a traverse speed of 100 mm/min. A steel tool with a concave shoulder 20 mm in diameter and a threaded conical pin 6 mm in root diameter and 5.7 mm in length was used. Microstructural characterization was performed by optical microscopy (OM), transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD). The average grain size was measured by the mean linear intercept method.
Mini tensile specimens of 2.5 mm gauge length with 1.4 mm in width and 1.0 mm in thickness (corner radius is 1.5 mm) were electrodischarge machined perpendicular to the SZ of FSP sample from the central portion of SZ. The * Corresponding author, E-mail: xiegm@ral.neu.edu.cn specimens were subsequently ground and polished before the tensile test. Each specimen was fastened in the tensile testing apparatus when the furnace was heated to the selected testing temperature, then held for 15 min to achieve thermal equilibrium prior to the tensile test. The surface characteristic of the failed samples was characterized by scanning electron microscopy (SEM).
Results and Discussion
The microstructures of the as-extruded base material (BM) and the SZ of FSP ZK60 alloy are shown in Fig. 1 . The BM exhibited a typical strip-like structure which contained coarse and non-uniform grains ( Fig. 1(a) ). However, intense plastic deformation and frictional heating during FSP resulted in the generation of uniform recrystallized fine grains in the SZ (Fig. 1(b) ), and the average grain size of the SZ (about 3 mm) was significantly smaller than that of the BM (about 8.5 mm).
Figures 2(a) and 2(b) show the bright-field TEM images of the second phase particles in the BM and SZ, respectively. Currently, a mount of studies on second phase in the ZK60 alloy have been reported. [12] [13] [14] He et al. 12) indicated that the large blocky particles and fine particles consisted of 00 (MgZn 2 ) phase and 0 (MgZn) phase, respectively, in ECAP ZK60 alloy. Further, in our previous study, we also found that FSW resulted in the dissolution of 00 phase in the SZ of ZK60 alloy.
13) Therefore, the large dark blocky particles in the BM as indicated by the arrows in Fig. 2(a) consisted of 00 phase, while the fine particles distributed homogenously in the SZ of the FSP ZK60 alloy should be 0 precipitates. Figure 3(a) shows the microstructure of the FSP ZK60 alloy obtained by EBSD mapping. It is clear that the microstructure was characterized by equiaxed grains, which is in accord with the OM observations. The distribution of the grain boundary (GB) misorientation angle in the SZ of the FSP ZK60 alloy was shown in Fig. 3(b) , where the HAGBs (grain boundary misorientation angle !15
) and low-angle grain boundaries (grain boundary misorientation angle <15
) were identified by black and white lines, respectively. From the distribution of GB misorientation angle, a broad peak in the angular range of can be observed clearly. This should be associated the prismatic slip which provides a lattice rotation around the h0001i axis. 14, 15) Due to limitations imposed by the symmetry of the HCP crystal structure, the maximal rotation angle measured around the h0001i axis is limited to 30
. Considering all GBs with misorientation angles >2
, the HAGBs comprised about 73% of the total GB length in the SZ of the present FSP ZK60 alloy. Mironov et al. 14) reported that the fraction HAGBs measured by EBSD was 65% in the ZK60 alloy FSwelded at 600 rpm and 100 mm/min by a tool with shoulder diameter of 14 mm. Figure 4 (a) shows the variation of elongation versus initial strain rate for the FSP ZK60 alloy at 300, 325 and 350 C, respectively. At 300 C, a maximum elongation of 1400% was obtained at the optimum strain rate of 3 Â 10 À4 s À1 . However, at 325 and 350 C, the optimum strain rate for maximum elongation was shifted to a higher value of 1 Â 10 À3 s À1 . The largest elongation of 1800% was achieved at 325 C and a relatively high strain rate of 1 Â 10 À3 s À1 in this study. For the HRDSR ZK60 alloy, a maximum elongation of 926% was achieved at 280 C and an optimum strain rate of 1 Â 10 À2 s À1 , 6) while the ECAP ZK60 alloy showed a maximum elongation of 3050% at 200 C and 1 Â 10 À4 s À1 . 1) Clearly, the testing temperature for the superplastic deformation of FSP ZK60 alloy is higher than that of ECAP and HRDSR ZK60 alloys. This indicated that the FSP ZK60 alloy exhibited excellent thermal stability. Figure 4(b) shows the variation of flow stress versus the initial strain rate for the FSP ZK60 alloy. The strain rate sensitivity exponent m of the FSP ZK60 alloy is approximately 0.5 throughout the investigated strain rate range of 3 Â 10 À4 -1 Â 10 À2 s À1 . The m value of about 0.5 in the present FSP ZK60 alloy suggested that the GBS should be the main deformation mechanism. 16 ) Figure 5 (a) displays the untested and failed samples for FSP ZK60 alloy deformed to failure at 325 C for different initial strain rates. The failed specimens showed neck-free elongation which was the typical characteristic of superplastic flow. The surface morphology of the FSP ZK60 alloy deformed at 325 C and 1 Â 10 À3 s À1 to failure was subjected to SEM examination, and the evidence of extensive GBS was revealed, as shown in Fig. 5(b) . It is attributed to the occurrence of the high fraction HAGBs promoting the GBS.
It is well known that the high fraction HAGBs could enhance the thermal stability, which is beneficial to enhance superplasticity. 4) Compared to the FSP ZK60 alloy which contained 73% HAGBs, HRDSR ZK60 alloy exhibited lower fraction HAGBs (43-52%).
6) Therefore, FSP ZK60 alloy showed higher superplastic deformation temperature which would change the superplastic behavior. Compared to ECAP magnesium alloy, more favorite microstructure for superplastic deformation kinetics was obtained in FSP Mg-Zn-YZr alloy. 8) The classic equation of superplastic deformation behavior of fine-grained (<10 mm) magnesium alloys with GBS as main deformation mechanism is:
Where _ " " is the strain rate, D 0 is the pre-exponential constant for diffusivity, G is the shear modulus, b is the Burger's vector, k is the Boltzmann constant, T is the absolute temperature, R is the gas constant, d is the grain size, is the flow stress, and 0 is the threshold stress. Galiyev and Kaibyshev 18) reported the precipitates in Mg-Zn-Zr alloy exhibited low thermal stability and were in solution state above 300 C. Therefore, under the relatively high deformation temperature range (300-350 C), the precipitates in the present FSP ZK60 alloy do not influence on the superplastic deformation, thus no threshold-type deformation behavior is expected.
The superplastic data from the FSP and HRDSR ZK60 alloys were plotted in Fig. 6 as
RT Þ). For comparison, a dashed line predicted by eq. (1) was also included. It is noted that the slope of the dashed line predicted by eq. (1) and the fitted solid line by superplastic data of FSP ZK60 alloy are almost equal. So, the activation energy of FSP ZK60 alloy is similar to that for magnesium grain-boundary self-diffusion (92000 J/mol). Moreover, the superplastic deformation kinetics of the FSP ZK60 alloy is significantly faster than that of HRDSR ZK60 alloy. That is to say, more favorite microstructure for superplastic deformation kinetics was achieved in the FSP ZK60 alloy compared to HRDSR ZK60 alloy.
Compared to the HRDSR ZK60 alloy, although the FSP ZK60 alloy did not exhibit high stain rate superplasticity, the deformation kinetics was faster than that of HRDSR ZK60 alloy. This should be due to the relatively high fraction HAGBs in the present FSP ZK60 alloy. Generally, the fraction HAGBs for magnesium alloy can be increased further by changing FSP parameters, such as rotation rate, traverse speed, and tool size. Therefore, higher strain rate superplasticity can be achieved in FSP ZK60 alloy via changing FSP parameters.
Conclusions
FSP resulted in the fine grains of about 3 mm with predominant HAGBs of about 73% and uniformly distributed second phase particles in ZK60 alloy. The maximum elongation of 1800% was obtained in FSP ZK60 alloy at a relatively high temperature of 325 C and strain rate of 1 Â 10 À3 s À1 , indicating that the excellent thermal stability was achieved in FSP ZK60 alloy. GBS was the primary deformation mechanism. The superplastic deformation kinetics of the FSP ZK60 alloy was faster than that of HRDSR ZK60 alloy. 
